Abstract. Thin films of optimally-doped (001)-oriented
Introduction
Complex transition-metal oxides exhibit a range of material behaviors that can potentially be exploited in future microelectronic, sensing and energy harvesting technologies. Amongst complex oxides, high-temperature superconducting cuprates are of fundamental and technological importance. Efforts to elucidate the microscopic mechanism governing superconductivity in the cuprates have improved our fundamental understanding of strongly correlated phenomena in condensed matter systems [1] . In regards to technological importance, cuprate materials such as YBa2Cu3O7-δ (YBCO), have been explored for potential use in applications such as infrared detectors, microwave filters and superconducting quantum interface devices (SQUID) [2] [3] [4] [5] [6] [7] [8] . For many applications, high transition temperatures (Tc) and narrow transition widths are desired, and thus single crystalline films are preferred [9] [10] .
However, the growth of single crystalline YBCO films for potential applications is challenging for two reasons. First, epitaxial YBCO films are typically grown on single crystal oxide substrates that are costly, such as SrTiO3 (STO) and La0.18Sr0.82Al0.59Ta0.41O3 (LSAT).
Second, single crystal oxide substrates presently cannot be synthesized in large sizes. YBCO films have been grown on Si using various techniques, such as magnetron sputtering [11] [12] [13] [14] , and pulsed laser deposition (PLD) [15] [16] [17] [18] [19] [20] [21] . Direct deposition of YBCO on Si results in interdiffusion due to the high temperatures that are required [9] . Consequently, the YBCO films deposited directly on Si are polycrystalline in nature and exhibit relatively low transition temperatures and broad transition widths. To minimize interdiffusion, intermediary buffer layers such as ZrO2, MgO, AlN, etc. have been introduced between YBCO and Si [9, 14, [21] [22] [23] [24] [25] [26] [27] [28] . Such buffer layers significantly improved superconducting properties, yielding Tc's from 55 K to 88 K for 160-400 nm thick YBCO films deposited on top. The quality of the buffer between YBCO and Si is thus critical to mitigating interdiffusion and improving film quality and superconducting properties.
Here we utilize a single crystalline STO buffer to epitaxially integrate YBCO on Si (001).
The former is grown on Si using oxide molecular beam epitaxy (MBE), and the latter is grown using pulsed laser deposition (PLD) shown schematically in Figure 1 . X-ray diffraction (XRD) and cross-sectional high resolution transmission electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) confirm the single crystalline nature of the YBCO and STO buffer. Our 50 nm thick YBCO films on Si exhibit high transition temperatures (93 K), and narrow transition widths (< 5 K), which can be attributed largely to the single crystalline nature of the STO buffer. The realization of high quality, epitaxial YBCO films on Si opens the pathway to explore YBCO for applications.
Experimental details
The STO buffer is grown using reactive MBE in a custom-built chamber operating at a base pressure of < 2 x 10 -10 Torr. Undoped, 0.5 mm thick, 2" diameter (001)-oriented Si wafers (resistivity of 14-22Ωcm MTI) are introduced directly into the MBE chamber and exposed for ten minutes at room temperature to activated oxygen, generated by a radio frequency plasma source to the latter. Interestingly, the residual resistivity ratio (RRR), namely, the ratio between the resistivity at room temperature to the extrapolated resistivity at 0 K, is nearly a factor of 2 higher for the YBCO on STO buffered Si (RRR ~ 16), in comparison to the YBCO on STO single crystal (RRR ~ 9). The RRR is a function of temperature dependent inelastic scattering processes, such as phonons. In general, phonon transport in crystalline materials is higher than in amorphous materials. Though not fully understood, the enhanced RRR in the YBCO on STO buffered Si could be due to the layer of SiOx between the STO/YBCO and the Si, which acts as a "bottleneck" to phonons trying to escape as the sample is cooled.
The 93 K Tc measured in our YBCO films is higher than the Tc's reported thus far for YBCO grown on Si [9, 11, 20, [32] [33] [34] [35] [36] . Furthermore, the thickness of our YBCO films (~50 nm) is also thinner than YBCO films previously grown on Si with or without a buffer. The higher robust
Tc achieved in such relatively thin films can be attributed to the single-crystalline nature of the STO buffer, which forms an epitaxial template for integrating YBCO on Si. Perhaps more intriguing is that the Tc for the YBCO on STO buffered Si is higher than the Tc for YBCO on STO single crystal. We attribute the enhanced Tc to improved oxygenation of the YBCO on STO buffered Si in comparison to the YBCO on STO single crystal. First, the mosaicity of the former is larger, indicating a large number of dislocations which can facilitate oxygen flow through the film. Second, we note that an additional contributing factor to the higher Tc may be the possible inclusion of Ag in the YBCO film, as indicated by the peak at 2θ ~ 44 0 in the XRD survey scan shown in Figure 5 . Previous studies have shown that Ag inclusion also improves oxygenation of the YBCO [37] [38] . Since Ag was not intentionally introduced in the polycrystalline PLD target, we suspect the Ag paste used to mount the STO buffered Si onto the heater plate is the origin of the XRD peak observed at 2θ ~ 44 0 , as indicated by the asterisk [39] [40] .
Lastly, the single crystalline STO buffered Si forms a robust platform for integrating YBCO on Si. Despite extended exposure to ambient conditions and the absence of additional precautions protecting the 30-nm thick STO buffer on Si, the subsequent deposition of YBCO yields films that exhibit high Tc's and narrow transition widths. Here, PLD is used to grow YBCO on 5 × 5 mm pieces of STO buffered Si. Though the technique of PLD can create high quality epitaxial YBCO films, the small size of the material plume created by the laser renders deposition on large substrates challenging. In this regard, the STO buffered Si platform is amenable to a variety of deposition techniques, such as sputtering, which can enable growth of YBCO on larger sized wafers.
Conclusion
In summary, we demonstrate an approach to epitaxially integrate YBCO films on Si 
